We studied the signaling pathways coupling gonadotropin-releasing hormone (GnRH) secretion to elevations in cAMP levels in the GT1 GnRH-secreting neuronal cell line. We hypothesized that increased cAMP could be acting directly by means of cyclic nucleotide-gated (CNG) cation channels or indirectly by means of activation of cAMP-dependent protein kinase (PKA). We showed that GT1 cells express the three CNG subunits present in olfactory neurons (CNG2, -4.3, and -5) and exhibit functional cAMP-gated cation channels. Activation of PKA does not appear to be necessary for the stimulation of GnRH release by increased levels of cAMP. In fact, pharmacological inhibition of PKA activity caused an increase in the basal secretion of GnRH. Consistent with this observation activation PKA inhibited adenylyl cyclase activity, presumably by inhibiting adenylyl cyclase V expressed in the cells. Therefore, the stimulation of GnRH release by elevations in cAMP appears to be the result of depolarization of the neurons initiated by increased cation conductance by cAMP-gated cation channels. Activation of PKA may constitute a negative-feedback mechanisms for lowering cAMP levels. We hypothesize that these mechanisms could result in oscillations in cAMP levels, providing a biochemical basis for timing the pulsatile release of GnRH. G onadotropin-releasing hormone (GnRH) secretion is controlled by a variety of regulatory mechanisms intrinsic to individual neurons or networks of GnRH-secreting neurons and by extrinsic regulatory mechanisms regulated by neurotransmitters released by efferent inputs to GnRH neurons. The development of the highly differentiated GT1 GnRH-secreting neuronal cell lines has provided a model to study the signaling mechanisms involved in the complex regulation of GnRH secretion (1). The GT1 cell lines were established from a hypothalamic tumor induced by genetic targeting of the expression of the oncogene encoding simian virus 40 T antigen to GnRH neurons in a transgenic mouse. The cells are highly differentiated and express and process GnRH at high levels (1, 2). The pulsatile release of GnRH appears to be an intrinsic property of individual or networks of GnRH neurons, since cultures of the GT1 cells release GnRH with a pulse frequency identical to that seen in castrate rodents (3-5). In vivo numerous efferent inputs to GnRH neurons release neurotransmitters that stimulate GnRH secretion (6). Neurotransmitters stimulating GnRH release from GT1 cells include bradykinin, dopamine (DA), endothelin, glutamate, neuropeptide Y, and norepinephrine (NE) (7-12).
G
onadotropin-releasing hormone (GnRH) secretion is controlled by a variety of regulatory mechanisms intrinsic to individual neurons or networks of GnRH-secreting neurons and by extrinsic regulatory mechanisms regulated by neurotransmitters released by efferent inputs to GnRH neurons. The development of the highly differentiated GT1 GnRH-secreting neuronal cell lines has provided a model to study the signaling mechanisms involved in the complex regulation of GnRH secretion (1) . The GT1 cell lines were established from a hypothalamic tumor induced by genetic targeting of the expression of the oncogene encoding simian virus 40 T antigen to GnRH neurons in a transgenic mouse. The cells are highly differentiated and express and process GnRH at high levels (1, 2) . The pulsatile release of GnRH appears to be an intrinsic property of individual or networks of GnRH neurons, since cultures of the GT1 cells release GnRH with a pulse frequency identical to that seen in castrate rodents (3) (4) (5) . In vivo numerous efferent inputs to GnRH neurons release neurotransmitters that stimulate GnRH secretion (6) . Neurotransmitters stimulating GnRH release from GT1 cells include bradykinin, dopamine (DA), endothelin, glutamate, neuropeptide Y, and norepinephrine (NE) (7) (8) (9) (10) (11) (12) .
The current study is focused on the role of the cAMP signaling pathway in the regulation of GnRH secretion from GT1 cells. GT1 cells express both D1-DA receptors (8) and ␤1-adrenergic receptors (12) which are positively coupled to adenylyl cyclase (AC). Treatment of GT1 cells with DA or NE increased intracellular cAMP levels and stimulated GnRH secretion in a dose-dependent fashion (8, 12) . The GnRH-releasing effects of DA and NE were mimicked by pharmacologically increasing the intracellular cAMP level with 8-Br-cAMP or forskolin treatment (13) . The level of secretion of GnRH was proportional to the activation of AC and increases in cAMP levels. These data are all consistent with the hypothesis that the stimulation of AC results in the increased formation of cAMP, activating the signaling cascade responsible for stimulation of GnRH release.
Several studies have shown that depolarization followed by the influx of extracellular Ca 2ϩ via voltage-dependent Ca 2ϩ channels is essential for the stimulation of GnRH secretion from GT1 cells (5, 13, 14) . Stimulation of GnRH secretion from GT1 cells by NE was correlated with depolarization of the cells and the influx of extracellular Ca 2ϩ (15) . We asked how the increase in cAMP levels would result in depolarization and stimulation of GnRH secretion from GT1 cells. We hypothesized that cAMP could act directly to initiate GnRH secretion, or indirectly by activation of cAMPdependent protein kinase (PKA). cAMP could act directly by the opening of cAMP-gated cation channels. GnRH neurons develop from the olfactory placode, the anlagen that also contributes the olfactory neurons (16, 17) . Since olfactory neurons express cAMPgated cation channels, which play a key role in depolarization of the neurons by odorants (18), we reasoned that the channels may also be expressed by GnRH neurons. Second, increases in cAMP could activate PKA and phosphorylation of downstream signaling molecules-e.g., phosphorylation of cardiac voltage-dependent Ca 2ϩ channel by PKA resulted in increased Ca 2ϩ channel activity (19) . We have shown that GT1 cells express the three cyclic nucleotide-gated (CNG) subunits present in olfactory neurons (CNG2, -4.3, and -5) (20) (21) (22) and have functional cAMP-gated cation channels. Second, pharmacological blockade of PKA activity does not inhibit cAMP-induced stimulation of GnRH, but conversely increases basal GnRH release. GT1 cells express AC V, which is inactivated by phosphorylation by PKA. We hypothesize that activation of cAMP-gated cation channels results in an increase in the excitability of GT1 cells, resulting in the stimulation of GnRH secretion. On the other hand, activation of PKA may decrease cAMP formation, thereby constituting a negative-feedback mechanism for GnRH secretion. These signaling pathways represent potential timing mechanisms for the pulsatile release of GnRH.
Methods
Cell Culture of GT1 Cells. GT1-1 or GT1-7 cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum and penicillin͞streptomycin. The cultures were maintained at 37°C in a water-saturated atmosphere of 95% O 2 and 5% CO 2 . Cells were cultured until they reached 50-70% confluency. For experiments measuring GnRH or cAMP release the medium was replaced by a defined medium (Opti-MEM; GIBCO͞BRL) without serum for 1-2 days. For static culture experiments, GT1-1 cells cultured in 24-well plates were incubated for 15-30 min in Locke's medium with drug or vehicle. Media was collected and stored at Ϫ20°C for RIA of GnRH and cAMP (12) . cAMP was extracted from cell cultures by freezethawing, sonication, and incubation at 4°C for 48 h with 0.1 M HCl. For measuring the minute-to-minute release of GnRH and cAMP, GT1-1 cells plated on 25-mm plastic coverslips coated with Matrigel were perifused in Sykes-Moore chambers (3). Chambers consisting of two cell-coated coverslips were perifused with Locke's medium at a flow rate of 0.15 ml͞min. After a 60-min equilibration period, the test drug was added to the medium, and samples were collected every 4 min for 60 min for RIA.
Expression of cAMP-Gated Cation Channels and AC Subtypes. Total RNA was extracted from GT1-1 and GT1-7 cells and selected control tissues from mice and subjected to reverse transcription-PCR analysis (RT-PCR) using specific primers for CNG2, -4.3, and -5 and AC subtypes. The resulting PCR products were separated on 8% polyacrylamide gels, and fragments of interest were isolated and subcloned into a pKS Superscript vector (Stratagene) or pcRII1 vector (Invitrogen) and sequenced by using the dideoxynucleotide method, and the sequence was analyzed by a BLAST search (23) . For analysis of expression of the CNG2 channel (originally termed OCNC1) in GT1 cells, primers to a conserved region of the rat CNG2 gene were used (20) . The (ϩ) and (Ϫ) primers were 5Ј-CATCAACATCAAAGG-GAACA-3Ј and 5Ј-CCTCAGCATTCACATCCAAC-3Ј. Primers to the C-terminal conserved region of rCNG5 (originally termed rOCNC2), corresponding to the cAMP-binding domain, were used to determine whether the CNG5 was expressed (22) . The (ϩ) and (Ϫ) primers were 5Ј-GTCATCATCCACTG-GA ATGCT TG-3Ј and 5Ј-GGGCA AGT TGGCAGTGG-TAGCTGATGAT-3Ј. The (ϩ) and (Ϫ) primers for the rCNG4.1 and CNG4.3 (also termed CNC␤1a and CNG␤1b) subunits consisted of 5Ј-CTCTACTTGAAACTTGGCGTGAAC-3Ј and 5Ј-AATCATCACAGAGAAAGC-3Ј (21) . The (ϩ) and (Ϫ) primers specific for the CNG4.3 splice variant were 5Ј-GGCCTGAACATGGAGCTGAAT-3Ј and 5Ј-CGACGGAT-GGAGCTCCTGAT-3Ј. For analysis of the AC subtypes, primers were used that amplify a conserved region in the C terminus and detected subtypes I-VI in bovine tissue (24) . The (ϩ) and (Ϫ) primers are 5Ј-GCTCAGACCATCGGTAGCACCTA-CATGGC-3Ј and 5Ј-GCGA AT TCACTGTAT TICCCCA-GATCTCATA-3Ј.
Electrophysiological Recordings. Patch clamp experiments were performed on GT1-1 and GT1-7 cells in the on-cell and excised patch configurations (25) . Pipettes were constructed from Corning 7740 borosilicate tubing (outside diameter 1.5 mm) (WPI; Sarasota, FL) and had a resistance of between 3 and 5 M⍀. Recordings were made after obtaining seals greater then 1 G⍀ (in the on-cell mode, the patch was then excised and used if the seal remained greater then 1 G⍀). Symmetrical pipette and bath solutions were used and consisted of 134 mM NaCl, 2.8 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 6 mM glucose, and 10 mM Hepes, pH 7.2. A low-chloride recording solution was also used that consisted of 134 mM sodium methanesulfonate (NaMes), 5 mM NaCl, 6 mM glucose, and 10 mM Hepes, pH 7.2.
Intact Cell Phosphorylation. The intracellular ATP pools of GT1 cells were labeled by incubating cultured cells in phosphate-free Locke's medium for 2 h before a 2-h incubation in Locke's medium with 0.15 mCi͞ml [ 32 P]P i . The cells were treated with 10 M H-89 (Calbiochem), a specific PKA inhibitor, dissolved in DMSO or with DMSO alone for 30 min and with 10 M forskolin for the final 10 min. Drug treatment was terminated by rinsing in ice-cold PBS and extracting in 10 mM NaP i at pH 7.2, 150 mM NaCl, 1% Nonidet P-40, 1% deoxycholate, 0.1% SDS, 1 mM EGTA, 50 mM NaF, and 1 mM Pefabloc (Boehringer Mannheim). Labeled proteins were separated by SDS͞PAGE and analyzed by autoradiography.
AC Assays. To prepare membranes GT1 cells were suspended in 250 mM sucrose͞20 mM Tris⅐HCl, pH 7.5͞1.5 mM MgCl 2 ͞1 M leupeptin͞10 M Pefabloc and lysed by nitrogen cavitation (26) . EGTA (100 mM, 1͞80 vol) was added to the lysate before centrifugation for 10 min at 900 ϫ g. The supernatant was centrifuged for 30 min at 47,800 ϫ g, and the membrane pellet was resuspended and homogenized in 20 mM Tris⅐HCl, pH 7.5͞1 mM EDTA͞1 mM DTT͞4 g/ml aprotinin. Membranes were incubated in AC buffer consisting of 50 mM Tris⅐HCl at pH 8, 1 mM EDTA, 2.5 mM MgCl 2 , 2 mM 2-mercaptoethanol, 1 g͞ml BSA, 10 mM creatine phosphate, 100 units͞ml creatine kinase, 0.1 mM ATP, 20 M GTP, and, when indicated, 50 nM of recombinant PKA catalytic subunit for 10 min at 25°C. Aliquots of the preincubation mixture were incubated in a final volume of 50 l for 15 min at 30°C in 1 mM cAMP͞0.4 mM ATP͞0.1 mM GTP͞0.1 Ci of [ P]ATP (3,000 Ci͞mmol), and, where indicated, 10 M DA or 100 M forskolin. The reactions were terminated by the addition of 450 l of 0.5% SDS, 1 mM cAMP, and 1 mM ATP. cAMP was purified by using Dowex and alumina chromatography, and the recovery of cAMP was corrected for by the recovery of the [ 3 H]cAMP. Inhibition of AC activity by PKA was analyzed under each treatment condition for the three experiments by using paired two-tailed Student's t test with Bonferonni's corrections for multiple comparisons.
Results cAMP Regulation of GnRH Secretion.
We previously showed that GT1 cells expressed D1-DA receptors that were positively coupled to AC (8) and that increases in cAMP levels resulted in the secretion of GnRH (13) . Since intracellular cAMP is rapidly exported out of a variety of cells (27) , we asked whether we could simultaneously follow dynamic changes in GnRH and cAMP. Treatment of perifused GT1 cells with DA (1 M) caused a 50% increase in cAMP levels in the first sample obtained (4 min), and the cAMP levels reached a maximum by 8 min and remained elevated for the duration of the sampling period (60 min; Fig. 1 ). This rapid rise in cAMP levels in the media was similar to the profile of the accumulation of intracellular cAMP in GT1 cells after treatment with DA (8) . Addition of DA also stimulated GnRH secretion, although GnRH release was significantly delayed, with no increase seen until 12 min after drug administration. The maximum increase in GnRH did not occur until 30 min (similar results were obtained in a second experiment). We then asked what signaling pathways were involved in the coupling of the increase in cAMP levels to the secretion of GnRH.
Expression of CNG Channel Genes. We hypothesized that cAMP might stimulate GnRH secretion via cAMP-gated cation channels. The cAMP-gated cation channel in olfactory neurons appears to consist of three subunits, CNG2, -4.3, and -5 (20) (21) (22) . Specific primers for RT-PCR studies were designed from published sequences of the channel cDNAs. Primers for CNG2 yielded the expected 662-bp fragment. The nucleotide sequence was 99% identical and the amino acid sequence was 100% identical to the sequences of the rCNG2 channel (20) . Primers to rCNG5 yielded the expected 197-bp fragment. The nucleotide sequence was greater than 94% identical and the amino acid sequence was 100% identical to that for rCNG5 (22) . Primers that did not discriminate between CNG4.1 and -4.3 yielded the predicted fragment of 378 bp, and the nucleotide sequence was 93% identical and the amino acid sequence 100% identical to the published sequences for rCNG4.3 (21) . With primers to a unique N-terminal region of CNG4.3 a 204-bp fragment was obtained, which when digested with ApaI yielded the expected 53-and 151-bp fragments. Coexpression of all three subunits appears to be necessary to reconstitute CNG channels most closely resembling the native channels in olfactory neurons (28) .
Functional cAMP-Gated Cation Channels. Since the three olfactory CNG subunits were expressed in GT1 cells, we determined whether functional CNG channels were present by using the patch clamp technique. Fig. 2 shows single-channel recordings of a cAMP-activated channel obtained in GT1-1 cells. Fig. 2 A is a recording from an excised patch before the addition of cAMP. Square current transitions are present but there are no bursts of rapid transitions between the open and closed states. This is typical of a patch containing cAMP-activated channels in the absence of added cAMP. Approximately 50% of the patches that were excised did not contain cAMP-activated channels; the slow infrequent transitions were absent before cAMP addition, and no fast channel transitions were seen after cAMP addition.
The electrophysiological properties of the cAMP-gated channels in GT1-1 cells are similar to those reported for olfactory neurons or cells expressing the subunits expressed in the neurons (22, 28, 29) . GT1 neurons exhibit spontaneous action potentials leading to oscillations in intracellular Ca PKA Regulation of GnRH Secretion. To determine whether activation of PKA was also involved in mediating the stimulation of GnRH secretion by elevated cAMP levels, we treated GT1 cells with the specific PKA inhibitor H-89 before increasing cAMP levels. Treatment with 10 M H-89 was sufficient to block forskolin-induced phosphorylation of proteins in GT1-1 cells metabolically labeled with [ 32 P]orthophosphate. Treatment with 10 M forskolin resulted in the appearance of five phosphorylated bands (arrows) on SDS͞PAGE gels, which was substantially blocked by pretreatment with H-89 (Fig. 3) .
Surprisingly, treatment of GT1-1 cells in static culture with 10 M H-89 did not block the ability of DA or 8-Br-cAMP to stimulate GnRH secretion (Fig. 4) . Furthermore, in both experiments treatment with H-89 alone stimulated basal GnRH release. Stimulation of basal GnRH secretion was shown in Fig. 1 . Effect of DA on simultaneous release of GnRH and cAMP from GT1 cells. GT1 cell-coated coverslips were perifused with Locke's medium and samples were collected every 4 min after a 1-h equilibration period. DA (1 M) was added to the perifused medium for the second hour of collection. RIA was used to measure both cAMP and GnRH in the samples. separate experiments to be dose-dependent for concentrations of H-89 between 10 and 25 M (data not shown). Therefore, activation of PKA was not necessary for the cAMP-induced stimulation of GnRH release. Furthermore, the observation that a PKA inhibitor stimulated basal GnRH secretion suggested that activation of PKA was involved in suppressing GnRH release.
PKA Regulation of cAMP Formation. We hypothesized that PKA might lower GnRH secretion by lowering cAMP levels. Consistent with this idea, incubation of GT1 cells in static culture with H-89 for 15 min stimulated cAMP release into the medium (Fig.  5A) . A small insignificant increase was also seen in intracellular cAMP levels. In perifused GT1-1 cells treatment with H-89 stimulated the release of large amplitude pulses in cAMP and
GnRH as determined by the cluster analysis algorithm (Fig. 5B ) (30) . These findings strongly support the hypothesis that increased PKA activity is inversely correlated with the extracellular level of cAMP. These experiments provide an additional correlation between elevated cAMP levels and increased GnRH release.
Expression of AC Isoforms in GT1 Cells. The activity of two related subtypes of AC, V and VI, was shown to be inhibited after phosphorylation by PKA (31) . Therefore, we determined which AC subtypes were expressed by GT1 cells by RT-PCR analysis.
With the primers used, the expected amplified fragments for AC subtypes were AC I and II ϭ 263; AC IV ϭ 270, AC III ϭ 300, and AC V and AC VI ϭ 254 (24) . PCR products of 254 bp and 270 bp were obtained from GT1 cells, with the 254-bp product being more abundant. By restriction analysis the 254-bp band was identified as AC V and͞or AC VI. Partial digestion of the band was observed with RsaI, which is specific for AC V, and HaeII, which is specific for AC VI. The 270-bp fragment was cut by AvaII, consistent with the presence of an AC IV transcript. The 254-bp band was subcloned, and the sequence was found by BLAST analysis to be 80% identical to the published sequence for the rat AC V cDNA (32) . Therefore, activation of PKA could decrease cAMP levels by inhibiting AC V activity.
PKA Inhibition of AC Activity. To directly determine whether GT1 cells expressed PKA-regulated AC activity, plasma membranes were isolated and preincubated with recombinant catalytic subunit of PKA. The catalytic subunit in the absence of the regulatory subunit is constitutively active. Membranes were then incubated with [␣-32 P]ATP to determine the rate of formation of cAMP. Pretreatment with the catalytic subunit of PKA resulted in a decrease of the rate of formation of cAMP under basal conditions, or after stimulation with DA or forskolin (Fig.  6 ). The mean percent inhibitions for three independent experiments were 20%, 44%, and 35%, respectively (P Ͻ 0.05 for each of the three conditions). The ability of increased PKA activity to inhibit AC activity is in close agreement with the observations that GT1 cells express AC V and possibly AC VI.
Discussion
The coupling between the elevation of intracellular cAMP levels in GT1 cells and the release of GnRH has been clearly established. Elevating cAMP levels in GT1 cells pharmacologically with 8-Br-cAMP or forskolin, or by activating D1-DA or ␤1-adrenergic receptors stimulated GnRH release (8, 12, 13) . In this study, treatment with DA resulted in the rapid release of cAMP from GT1-1 cells, with elevations in GnRH lagging behind by approximately 5-10 min. The rapid increase in extracellular cAMP correlated closely with earlier measurements of intracellular cAMP in cells pretreated with a phosphodiesterase (PDE) inhibitor (8) . The transport of cAMP out of the cells permitted the assessment of the dynamics of the changes in cAMP levels. The large (10-fold) elevations in cAMP levels observed in the medium are much greater than the less than doubling seen with intracellular cAMP. Only in the presence of PDE inhibitors are manyfold increases in intracellular cAMP observed (8) . These findings imply that cAMP within the whole cell is rapidly hydrolyzed by PDE. However, a pool of cAMP, apparently close to the plasma membrane and AC, can be significantly elevated and transported from the cell. An additional hypothesis is that AC may be directly involved in the transport of cAMP. The topographical resemblance of AC to plasma membrane transporters led to the speculation that it may transport cAMP (33) . In many cells types, including corticotropes stimulated by corticotropin (ACTH) (34) and renal epithelial cells stimulated by vasopressin (27) , it has been shown that elevations in intracellular cAMP levels are mirrored by changes in extracellular cAMP. In renal epithelial cells it was shown that cAMP is actively transported out of the cells by a probenecid-sensitive mechanism (27) . The significance of the movement of cAMP out of the GT1 cells is unclear. Extracellular cAMP released from Dictyostelium acts on receptors on the outside of the cell (35) ; however, to date no one has described cAMP receptors on the extracellular membrane of mammalian cells.
We then asked what the mechanism was by which increases in cAMP are coupled to the secretion of GnRH. We have shown that GT1 cells express the CNG2, -4.3, and -5 subunits of the cAMP-gated cation channel. Functional cAMP-gated channels are present in high numbers in inside-out membrane patches of GT1-1 cells. Although these channels are permeable to both Na ϩ and K ϩ , there would be a depolarizing influx of Na ϩ into the cell at physiologic membrane potentials; i.e., the resting potential is near the equilibrium potential for K ϩ and far from the equilibrium potential for Na ϩ . The depolarizing influx of Na ϩ would lead to increased excitability of GT1 cells, and in turn an increase in GnRH release.
GT1 cells show spontaneous activity characterized by oscillations in membrane potential, bursts of action potentials, and oscillatory increases in [Ca 2ϩ ] i that are generated by the influx of Ca 2ϩ through voltage-gated Ca 2ϩ channels (14, 25) . Consistent with the idea that elevated cAMP levels would increase the depolarizing drive of GT1 cells are the observations that increased cAMP levels dramatically increase the frequency of Ca 2ϩ oscillations (A.C.C., R.I.W., and J.L.C., unpublished data), and the secretion of GnRH (8, 12) . Strongly supporting the role of CNG channels in the cAMP-induced stimulation of Ca 2ϩ oscillations is the recent observation that this effect is blocked by pretreatment with the CNG channel blocker L[D]-cis-diltiazem (A.C.C., R.I.W., and J.L.C., unpublished data).
The activation of PKA is clearly not involved in mediating the stimulation of GnRH secretion by elevated levels of cAMP. Similarly, the cAMP-induced increase in Ca 2ϩ oscillations was not blocked with H-9, another inhibitor of PKA (A.C.C., R.I.W., and J.L.C., unpublished data). The unexpected result that treatment with H-89, a PKA inhibitor, increased release of both cAMP and GnRH is consistent with the hypothesis that activation of PKA decreases cAMP levels in a negative-feedback fashion. In perifusion studies the inhibition of PKA resulted in the rapid elevation of cAMP release. The stimulation of cAMP release was synchronous with the release of GnRH. We showed that one way in which PKA activation leads to a decrease in cAMP levels is by inhibiting the formation of cAMP by AC. GT1 cells express AC V and possibly AC VI, both of which have been shown to be inhibited after phosphorylation by PKA (31) . If AC is involved in the transport of cAMP, possibly phosphorylation by PKA might also inhibit this function.
Another potential mechanism controlling the intracellular level of cAMP is its hydrolysis by PDE. We showed that PDE activity also plays an important modulatory role in regulating cAMP levels and GnRH secretion in GT1 cells (36) . GT1 cells express three PDE subtypes: the calmodulin-dependent PDE1B and the cAMP-specific PDE4B and PDE4D. Pharmacological inhibition of PDE4 activity increases cAMP levels and stimulates GnRH secretion. Interestingly, the cells contain a splice variant of PDE4D, PDE4D3, that is activated by PKA (37) . Therefore, PDE4D may constitute a second limb of a PKA-regulated negative-feedback loop. These findings lead us to hypothesize that cAMP and associated signaling events could constitute a timing mechanism for the pulsatile release of GnRH from GT1 cell cultures. Cyclical changes in cAMP are known to function as biological clocks. In the slime mold Dictyostelium, rhythmic changes in cell aggregation are timed by cyclical changes in cAMP (38) . Oscillations in cAMP have also been implicated in timing of contraction of the heart (19) . We have shown that increases in cAMP stimulate GnRH release, and we have provided data that the stimulation is mediated by cAMPgated cation channels expressed by the cells (Fig. 7) . The activation of PKA appears to regulate a negative-feedback loop decreasing the level of cAMP. Activation of PKA decreases cAMP levels, presumably by inhibition of AC V and͞or AC VI. The PDE pathway may also constitute a second negative-feedback limb regulated in part by PKA (36) . We hypothesize that the constitutive activities of AC V͞VI are the driving force for the generation of cAMP. The observations that cAMP levels are elevated by blocking PDE4 or PKA activities support this idea. A model for the pulsatile behavior of GnRH neurons has been described which predicts that a network of interconnected cells with periodic alterations in cell excitability would show pulsatile behavior (39) . We hypothesize that the levels of cAMP in GT1 cells may oscillate, altering cell excitability and constituting a biological clock for the pulsatile release of GnRH.
Clearly the physiological significance of these findings needs to be tested in an in vivo model. The recent findings that the pulsatile release of GnRH is an intrinsic property of endogenous GnRH neurons cultured from the olfactory placode of a primate adds credence to the physiological relevance of findings in GT1 cell lines (40) . Importantly the interpulse interval of the GnRH pulses in the primate cells was 50 min, similar to that seen in castrate monkeys, whereas in GT1 cells it was 25 min, similar to that seen in castrate rodents. Cultures of GnRH neurons from olfactory placode also show spontaneous Ca 2ϩ oscillations and propagated Ca 2ϩ waves (41), similar to those reported in GT1 cells (25) . The use of transgenic technologies offers the ability to test the role of the cAMP signaling molecules in the regulation of pulsatile GnRH release in the rat. For example, the expression of the dominantnegative mutant of the regulatory subunit of PKA, which inhibits PKA activity (42) , could be targeted to GnRH neurons by using the promoter enhancer regions of the GnRH gene. Fig. 7 . Summary of cAMP signaling pathways in GT1 cells. Increased levels of cAMP result in the opening of cAMP-gated cation channels, allowing the influx of Na ϩ and increased excitability of the cell. Inactive PKA (PKAi) is activated by increased cAMP levels (PKA a), resulting in the phosphorylation (P) and inhibition of AC V and a decrease in cAMP levels. Solid lines represent stimulation and broken lines, inhibition.
